Abstract Conservation of Saccharum spp. germplasm as ex situ collections of plants has a high cost, and in natural conditions, the plants remain exposed to pests, pathogens, and natural disasters. Long-term preservation of plant germplasm is important for agricultural biodiversity and food safety, so the aim of this study was to develop a cryogenic procedure for cryopreservation of sugarcane germplasm. The first study compared droplet vitrification and encapsulation-vitrification techniques for cryopreservation of in vitro shoot tips of Saccharum spp. variety Halaii. The best regeneration rate (70.9%) was obtained from 45-min PVS2 vitrification solution-treated shoot tips via the droplet vitrification technique. This technique was tested on two other Saccharum sp. varieties, and the best regeneration rates for varieties NG 57-024 and H 83-6179 were 63.3 and 76.3%, respectively. Shoots derived from cryopreserved shoot tip buds developed well-formed roots, and were easily acclimated to greenhouse conditions. The second study evaluated genetic stability of the cryopreserved varieties using ten inter-simple sequence repeat primers. A total of 211 (Halaii),, and 201 (NG 57-024) reproducible bands, ranging from 125 to 5500 bp, were scored with this technique. One hundred genetic stability was detected from Halaii and H 83-6179 whereas 98.5% genetic stability was detected from varieties of NG 57-024. The PCR reactions showed that there was no crucial variation on genetic stability for all cryopreserved varieties.
Introduction
Long-term preservation of plant germplasm is important for agricultural biodiversity and food safety. Plant genetic variations provide options to cultivate new and more fruitful crops that are resistant to negative ecological and biological conditions (Rao 2004) . Saccharum sp. (sugarcane) germplasm is preserved in some areas of India and the USA as ex situ collections, but it is too expensive to maintain big collections and the collections can be negatively affected by pests and disasters in natural conditions. For this reason, approximately 61% of the clones in the US collections were lost between 1957 and 1977 (Berding and Roach 1987) . To prevent these kinds of problem, researchers have developed large numbers of in vitro collections for different plant species (Engelmann 1991) .
Long-term conservation by cryopreservation techniques is important for the conservation of the world's genetic resources and in plant preservation programs (Benson 1999) . Biotechnological approaches provide beneficial techniques for plant genetic resources and evaluation (Paunesca 2009 ). The major advantages of cryopreservation, the most important technique for conservation of biological materials, are ease and practicality of its use for a large range of genotypes (Engelmann 2004; Souza et al. 2016; Kaya et al. 2017) .
Synthetic seed technology and vitrification procedures are combined in the encapsulation-vitrification technique, in which explants are encapsulated in alginate beads, then soaked in liquid nitrogen (LN, −196°C) for vitrification (Sakai et al. 2002) . This technique has been used successfully for cryopreservation of different plant species such as Ananas comosus (L. The droplet vitrification technique is based on treating shoot tips with small volumes of vitrification solution (3-5 μL) on an aluminum strip, which is then plunged into LN (Panis et al. 2001) . This technique has proven effective for many plant species and has produced better regeneration rates than other vitrification methods for Thymus vulgaris L. Genetic stability during cryopreservation will allow the reproduction of conserved plant germplasm that is genetically identical and phenotypically similar to the mother plant (Valles et al. 1993; Ozudogru et al. 2011) . Inter-simple sequence repeat (ISSR) markers are frequently used to determine genetic stability and variation of some economically important plant species and to conduct phylogenetic analyses for some systematically difficult and problematic species (Reddy et al. 2002; Vijayan 2005; Kaya 2015) .
In this study, the aim was to develop an efficient protocol for cryopreservation of sugarcane germplasm via plant vitrification solution 2 (PVS2)-based procedures. At first, encapsulation-vitrification and droplet vitrification techniques were compared for Saccharum spp. variety Halaii and the best regeneration results were obtained from the droplet vitrification technique. Then, this technique was applied to two other varieties H83-6179 and NG 57-024. The second aim of this study was to confirm the genetic stability of cryopreserved lines of Saccharum spp. using ISSR marker analysis.
Materials and Methods
Plant material A germplasm collection maintained at the National Center for Genetic Resources Preservation (Fort Collins, CO) as long-term in vitro shoot cultures of three Saccharum officinarum L. varieties consisting of Halaii (Q44830), H 83-6179 (Q42433), and NG 57-024 (Q45251) was used for this study.
Culture conditions Shoot cultures were subcultured every 4-6 wk in double Magenta® GA-7 vessels (Sigma-Aldrich®, St. Louis, MO) containing 50 mL of MS (Murashige and Skoog 1962) Gelrite™ (P8169, Sigma-Aldrich®). Saccharum sp. shoot tips (0.5-1 mm) excised from in vitro plants were cultured as described above for shoot cultures after placing ten shoot tips in each Petri dish (60 × 15 mm) containing regeneration medium (Fig. 1A, B) . The percentage of shoot tips that regenerated, at least, one well-formed shoot with, at least, two nodes was recorded after 4-6 wk for each variety as regeneration control groups.
Encapsulation-vitrification Excised shoot tips were washed with Ca ++ -free liquid MS medium followed by immersion into a 3% (w/v) sodium alginate (low viscosity, A2158, Sigma-Aldrich®) solution in MS nutrition medium. Individual shoot tips were then pipetted with a drop of alginate into liquid MS medium containing 100 mM CaCl 2 (Dereuddre 1992) . The alginate beads, each containing a shoot tip, were kept for 20 min at room temperature (25 ± 2°C) in the 100 mM CaCl 2 solution to ensure complete polymerization of the calcium alginate ( . After PVS2 treatment, ten beads were kept in 1 mL PVS2 solution in a 1.8-mL cryotube and then immersed into LN. The cryotubes were kept there for, at least, 1 d, and each treatment was repeated, at least, three times.
Rewarming was done after a minimum of 24 h in LN by rapidly warming the cryovial for 2 min in a 40°C water bath, followed by removing the beads from the cryovials and transferring them onto MS regeneration medium followed by culture as described above for shoot cultures.
Droplet vitrification Excised shoot tips of the three varieties were pre-cultured for 24 h on semisolid MS medium containing 0.625 M sucrose. Individual shoot tips were then placed in 4-5-μL drops of PVS2 on sterile aluminum foil strips (5 × 15-mm strips, five PVS2 drops per strip) and kept on ice for 30, 45, or 60 min. Following treatment with PVS2, the aluminum foil strips including the shoot tips in the PVS2 droplets were directly immersed into LN and transferred under LN into 1.5-mL cryovials (Sakai and Engelmann 2007) . Rewarming was done after a minimum of 24 h LN exposure by rapidly removing the aluminum foil strips from the cryovials and immediately immersing them into washing solution (plant growth regulator-free liquid MS medium containing 1 M sucrose) at 25 ± 2°C for 15 min prior to transferring the shoot tips onto MS regeneration medium. Control group shoot tips were selected from shoot tips treated with PVS2 for the same time periods as LN-treated material, but not exposed to LN. These shoot tips were immediately placed in washing solution for 15 min following PVS2 exposure. Ten shoot tips were used for each PVS2 treatment time (30, 45, or 60 min), and each treatment was repeated, at least, three times.
Data collection and statistical analyses
The experiments (encapsulation-dehydration, droplet vitrification) were analyzed independently from each other. Growth was recorded 6 wk after each treatment unless noted otherwise and consisted of the percentage of shoot tips that regenerated, at least, one well-formed shoot with, at least, two nodes, and s h o o t f o r m i n g c a p a c i t y ( S F C ) w a s c a l c u l a t e d (SFC = average number of shoots per regenerating explant × % of regenerating explant / 100, Lambardi et al. 1993) . Statistical analyses of the non-parametric data (frequencies) were achieved via a means test for homogeneity of proportions, and major processing differences were detected using the post hoc multiple comparisons test (Marascuilo and McSweeney 1977) . Dissimilar data were subjected to ANOVA, followed by the least significant difference (LSD) test at P ≤ 0.05 to compare means.
Inter-simple sequence repeat analyses Genomic DNA was isolated via a cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle 1987 ) from 2 g fresh leaf samples ground with a mortar and pestle collected from sugarcane microshoots before and after cryopreservation. For genetic stability analysis, leaf samples were taken from untreated shoots (in vitro cultures), sucrose pre-cultured shoots, cold hardened shoots, PVS2-treated shoots (chosen from the best cryopreservation result treatment), and cryopreserved shoots (leaf samples of each variety came from the same clone).
ISSR-PCR DNA amplifications were carried out using ten ISRR primers (Table 1, Martins-Lopes et al. 2007; Kaya 2015) , and PCR reactions were performed in a 20-μL reaction mixture, containing PCR buffer (1× final concentration, Thermo Fisher Scientific® GeneAmp® 10X PCR Buffer), 2.5 mM MgCl 2 , 0.4 mM of each dNTP, 0.4 mM ISSR primer, 40 ng genomic DNA, and 1 U Taq DNA polymerase (Thermo Fisher Scientific®, Invitrogen™). Amplification conditions were 3 min at 95°C, followed by 35 cycles of 15 s at 95°C, 30 s at 55°C, and 3 min at 72°C, and a final extension of 10 min at 72°C. After separation on a 1.5% (w/v) agarose gel (Sigma-Aldrich®), the PCR products were stained with a solution of 0.5 mg mL −1 ethidium bromide, and then monitored under UV light. Images were documented using the ChemiDoc™ XRS+ and Image Lab™ Software (Bio-Rad®, Hercules, CA) image analysis system. Bands were scored as present (1) or absent (0), and cluster analysis was used to draw dendrograms, with the Unweighted Pair Group Method with Arithmetic mean (UPGMA) from the similarity data matrices using Jaccard's coefficient (Rohlf 1998) . (1993) studied the effect of sucrose concentration during the pre-growth treatment prior to cryopreservation on the regeneration of encapsulated apices of six sugarcane varieties, and found the optimal sucrose concentration to be 0.75 M. In the present study, it was observed that shoot tips, treated with PVS2 but not cooled in LN (PVS2 control), maintained their regeneration potential and exhibited regeneration rates of 37.5-75% (Table 2 , Figs. 2A , B and 3A, B). These shoot tips showed high mean shoot numbers (up to 1.8) and lengths (up to 12.9 mm), indicating that shoot tips which tolerated well the toxic effects of PVS2 and maintained a high regeneration potential were also able to produce multiple adventitious shoots. The regeneration rates of encapsulated shoot tip controls were high (Table 2 , Fig. 3C ), and, after the treatment with PVS2, their regeneration rates ranged from 55 to 72.2%. For the droplet vitrification method, the best regeneration rate (70.9%) was with a 45-min PVS2 treatment after liquid nitrogen exposure. Regeneration rates of cryopreserved shoot tips appeared to be significantly different between droplet and encapsulation-vitrification techniques (Table 2) . After cryopreservation, the highest regeneration rate of sugarcaneencapsulated shoots was 27.8%, whereas the highest regeneration rate of shoots cryopreserved via droplet vitrification was 70.9%. However, Barraco et al. (2011) reported better regeneration from in vitro shoot tips of two sugarcane clones cryopreserved via encapsulation-dehydration (53 and 60%) vs. (Marascuilo and McSweeney 1977) y Statistical analysis performed by ANOVA, followed by LSD test at P ≤ 0.05 droplet vitrification (27 and 37%). Additionally, Rafique et al. (2015) showed that V cryo-plate is an efficient and practical method for cryopreservation of sugarcane shoot tips in genebanks and they obtained maximum (100%) recovery after cryopreservation. Although cryoprotective solutions (especially those containing dimethylsulfoxide (DMSO) have protective effects during freezing, they may be toxic to the tissues under conditions of high concentration or temperature, or long exposure times. Kaya et al. (2013) reported superior results using droplet vitrification vs. encapsulation-vitrification for cryopreservation of Eucalyptus spp., reporting up to 84.8% post thaw recovery. Similarly, the droplet vitrification method proved to be the most effective in the present study. Droplet vitrification has been repeatedly reported to have many advantages compared to other cryopreservation techniques. Among these, the most significant is the extremely fast cooling and rewarming rates that can be achieved by using aluminum foil (Towill and Bonnart 2003; Panis et al. 2005; Ozudogru and Kaya 2012) .
Results and Discussion

A B
Cryopreservation of Saccharum spp. varieties H 83-6179 and NG 57-024 via droplet vitrification The results indicated that this method is effective for the cryopreservation of Saccharum sp. shoot tips (Table 3 ). Exposure to PVS2 for 45 min yielded the highest regeneration rate for NG 57-024 (63.3%), the treatment found previously to be best for Halaii Capital and lowercase letters indicate separation of data evaluation in each column SE standard error, SFC average number of shoots per regenerating explant × % of regenerating explant) / 100 (Lambardi et al. 1993) z Percentage values statistically analyzed by a non-parametric test, the post hoc multiple comparisons test (Marascuilo and McSweeney 1977) y Statistical analysis performed by ANOVA, followed by LSD test at P ≤ 0.05 (Table 2 ). However, the best regeneration rate for variety H 83-6179 (76.3%) was obtained with a 30-min PVS2 treatment. The regeneration rates of the 0.625-M sucrose pre-treated controls were significantly higher than those of PVS2-treated controls, which demonstrates the toxic effect of PVS2 on Saccharum shoot tips. Additionally, as expected due to the stresses imposed by the cryogenic process, for all varieties there was a significant decrease in regeneration after LN treatment. However, despite this decrease in regeneration from the controls to the LN-treated shoot tips, shoot tip regeneration in all varieties was very respectable varying between 30% (H 83-6179, 45-min PVS2 treatment) and 76.3% (H 83-6179, 30-min PVS2 treatment) after LN exposure. In all lines, after rewarming and transfer to regeneration medium, regenerated shoot tips showed typical shoot development ( Fig. 4A-C) .
Evaluation of genetic stability using ISSR primers Genetic stability is crucial, especially in economically important plant species, and it is essential to set up appropriate micropropagation and cryopreservation protocols that result in genetically identical and genetically stable plants before they are marketed (Saha et al. 2016) . ISSR analysis of untreated, sucrose pre-cultured, cold hardened, PVS2-treated, and cryopreserved shoots coming from the same clones was conducted. Complete (100%) genetic stability was detected for Halaii and H 83-6179, and 98.5% genetic stability was detected for NG 57-024 based on ten ISSR primers. A total of 211 (Halaii), 198 (H83-6179), and 201 (NG 57-024) reproducible bands, ranging from 125 to 5500 bp, were scored. However, only three bands (2000, 720, and 625 bp) that were obtained using the ISSR VII and ISSR VIII primers on line NG 57-024 were present in samples of untreated, sucrose pre-cultured, cold hardened treatments and were absent in PVS2-treated shoots and cryopreserved shoots (Fig. 5) . These bands were lost from NG 57-024 samples after treatment with PVS2 including DMSO, and these differences could be the result of DMSO toxicity. DMSO toxicity has been reported in several studies which indicated that DMSO increases benzene metabolism and the toxicity of other aromatic hydrocarbons (Kocsis et al. 1968; Ozudogru et al. 2011; Kaya et al. 2013) . Although there were a few differences of ISSR band profiles, these profiles indicate that three lines of sugarcane had high rate of genetic stability after cryopreservation. Martin et al. (2014) used molecular markers (RAPD and AFLP) to compare two cryopreservation techniques for Mentha piperita L. (mint) and Chrysanthemum morifolium Ramat. (chrysanthemum): encapsulation-dehydration and droplet vitrification for mint, and encapsulation-dehydration and vitrification for chrysanthemum. They observed more genetic instability after encapsulation-dehydration protocol for both species and the instability occurred after treatments where osmotic stress was imposed, and their results showed the importance of testing genetic stability of the recovered material. On the other hand, Choudhary et al. (2013) examined genetic stability using RAPD and ISSR markers for cryopreserved dormant buds of Morus (mulberry) germplasm. Both types of markers showed monomorphic banding patterns among the mother plant and in vitro regenerants before and after cryopreservation, suggesting that cryopreservation, using two-step freezing, does not affect genetic stability of mulberry germplasm. Similarly in the present study, regenerated plants derived from cryopreserved shoots were 100% (Halaii and H 83-6179) and 98.5% (NG 57-024) genetically similar. Distinct DNA polymorphism may not be induced by cryopreservation (Harding 2004 ). Clonal fidelity is one of the most important aspects of long-term conservation studies of vegetatively propagated species.
The vitrification process using PVS2 before LN treatment provides a satisfactory method by which sugarcane shoot tips may resist cryopreservation damage. The results of this study showed a simple and useful technique that might be used to predict the tolerance of sugarcane shoot tips to LN treatment. All three varieties of Saccharum spp. benefited from droplet vitrification before storage in LN in terms of regeneration after cryopreservation. Shoots derived from cryopreserved shoot tips had well-formed roots, genetically stable shoots, and they acclimated easily to in vivo conditions.
